Introduction
============

Heat stroke (HS), which results from exposure to a high environmental temperature \[classic heat stroke (CHS)\] or strenuous exercise \[exertional heat stroke (EHS)\], is characterized by a core body temperature (Tc) \>40°C and neurological abnormalities. CHS and EHS can lead to multiple organ dysfunction syndrome, which is associated with a systemic inflammatory response and disseminated intravascular coagulation (DIC) ([@b1-mmr-16-01-0087]--[@b6-mmr-16-01-0087]). The mortality rate in patients with HS is increasing, and \~30% of survivors experience permanent deficits in neurological and peripheral tissue function ([@b3-mmr-16-01-0087],[@b7-mmr-16-01-0087],[@b8-mmr-16-01-0087]). A previous study demonstrated that the majority of CHS reactions are mimicked by exposing anesthetized rats to a high ambient temperature (Ta) ([@b9-mmr-16-01-0087]). In these rats, arterial hypotension, hyperpyrexia, a hypercoagulable state, activated inflammation and tissue injury occurred during HS ([@b10-mmr-16-01-0087]--[@b12-mmr-16-01-0087]). Although more research has been undertaken in recent years, specific and effective therapies for HS are required.

Sodium tanshinone IIA sulfonate (STS; [Fig. 1A](#f1-mmr-16-01-0087){ref-type="fig"}) is a water-soluble derivative of tanshinone IIA. The latter is one of the primary lipophilic components extracted from the dry root or rhizome of *Salvia miltiorrhiza* Bge, termed 'Danshen' in traditional Chinese medicine ([@b13-mmr-16-01-0087]). Tanshinone IIA has poor water solubility; therefore, STS was developed to increase the bioavailability and has been successfully used to treat patients with cardiovascular disorders. STS has been reported to have a wide range of pharmacological activities, including anti-inflammatory properties ([@b14-mmr-16-01-0087]), antioxidant capacity ([@b15-mmr-16-01-0087]) and the ability to inhibit apoptosis ([@b16-mmr-16-01-0087],[@b17-mmr-16-01-0087]). Furthermore, STS has been demonstrated to suppress cardiomyocyte hypertrophy ([@b18-mmr-16-01-0087]) and protect human vascular endothelial cells *in vivo* ([@b19-mmr-16-01-0087]). Therefore, HS-induced inflammatory and endothelial cell injuries may be reduced by STS treatment. Proinflammatory cytokines and endothelial cell injury have been demonstrated to initiate coagulation disorders and ultimately lead to DIC in HS ([@b1-mmr-16-01-0087],[@b20-mmr-16-01-0087]). HS-induced DIC and multiple organ damage may also be reduced by STS treatment.

To evaluate this hypothesis, the present study assessed the therapeutic effects of STS treatment on inflammation, aortic endothelial cell apoptosis, DIC and multiple organ damage in a HS rat model.

Materials and methods
=====================

### Animals

A total of 72 adult male Sprague-Dawley rats aged 42--47 days and weighing 200--260 g were obtained from the Animal Resource Center of Hubei (Wuhan, China). The animals were housed individually at a Ta of 25±1°C, a relative humidity of 50±10% and a 12-h light/dark cycle for 1 week prior to the start of the experiments. Pelleted rat feed and tap water were provided *ad libitum*. The experimental protocol was approved by the Animal Resource Center of Hubei. Animal care and experiments were conducted according to the National Institutes of Health Guidelines for the Use of Laboratory Animals ([@b21-mmr-16-01-0087]). The rats were anesthetized by intraperitoneal injections of 50 mg/kg pentobarbital sodium (Shanghai Haling Biotechnology Co., Ltd., Shanghai, China). The anesthetic administration was completed when the corneal reflex and pain reflexes induced by tail pinch were abolished in the rats. Adequate anesthesia was maintained throughout the course of all experiments.

### Induction of HS and experimental design

HS was induced by placing the rats in a warm blanket in an animal temperature controller (ATC; SS-20-2, Huaibei Zhenghua Biological Instrument Equipment Co., Ltd., Huaibei, China) preset to 35°C. To avoid burns, a towel was placed between the animals and the warm blanket.

The rats were randomly divided into the following groups. In the normothermic control (NC) group, 8 rats were placed into a temperature-controlled room (26°C) following the administration of anesthesia throughout the entire experiment. In the heat stroke (HS) groups, the Tc (represented by the rectal temperature) of 32 rats were monitored every 5 min following the administration of anesthesia until HS onset. When the Tc reached 43.5°C, which was considered the time of onset of HS, the rats were removed from the ATC and allowed to recover at 26°C for 0, 2, 6 or 12 h (HS-0, HS-2, HS-6 and HS-12 groups, respectively). In the STS-treated heat stroke (STS-HS) groups, 32 rats were exposed to the same heat treatment described above. Immediately following the onset of HS, the rats received intravenous injections of 5, 10, 20 or 40 mg/kg body weight STS (Shanghai No. 1 Biochemical-Pharmaceutical Co., Ltd, Shanghai, China; groups STS-5, STS-10, STS-20 and STS-40, respectively) via the femoral vein and were placed at a temperature of 26°C to recover for 6 h. After recovering for the set time, each group of animals was subjected to the following measurements: Serum levels of interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6); apoptotic endothelial cells in the aorta; plasma prothrombin time (PT), activated partial thromboplastin time (aPTT), platelet count and D-dimer; serum levels of blood urea nitrogen (BUN), creatinine (Cr), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and lactate dehydrogenase (LDH); and histological changes in the major organs.

### Cytokine measurements

The serum levels of TNF-α, IL-6, and IL-1β were measured using commercially available ELISA kits (catalog no. RTA00 for TNF-α; HS600B for IL-6; RLB00 for IL-1β; R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer\'s protocol.

### Biochemical analysis

Whole blood was obtained from the abdominal aorta. The serum levels of Cr, BUN, ALT, AST, ALP, and LDH were determined with an automatic biochemical analyzer (DXC-800; Beckman Coulter, Inc., Brea, CA, USA). The plasma PT and aPTT, and D-dimer concentration were measured using an automated coagulation instrument (ACL-TOP; Beckman Coulter, Inc.). The platelet count was determined using an automated blood cell counting instrument (XT-4000i; Sysmex Corporation, Kobe, Japan).

### Histological examination

Tissues specimens from livers, kidneys, adrenal glands, small intestines, spleens, and lungs were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 4-µm thickness, stained with hematoxylin and eosin, and subsequently imaged under a light microscope with digital camera system (BX51; Olympus Corporation, Tokyo, Japan).

### Combined terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)/CD31 immunofluorescence assay

For the detection and quantification of apoptotic endothelial cells in aortic sections, TUNEL technology (*In Situ* Cell Death Detection kit; Roche Applied Science, Madison, WI, USA) was used in combination with immunofluorescence for CD31. The paraffin-embedded sections were stained with a primary rabbit polyclonal anti-CD31 antibody (1:50 dilution; catalog no. ab28364; Abcam, Cambridge, UK) followed by incubation with a Texas Red-conjugated goat anti-rabbit IgG secondary antibody (1:100 dilution; catalog no. BA1032; Wuhan Boster Biological Technology, Ltd., Wuhan, China) to visualize the endothelial cell layer. Briefly, sections were blocked with normal goat serum (Wuhan Boster Biological Technology, Ltd.) for 30 min at room temperature prior to immunofluorescence staining. The sections were incubated with anti-CD31 antibody overnight at 4°C. Subsequently, after washing with PBS containing 0.05% Tween-20, the secondary antibody was applied to the sections for 1 h at 20--37°C. The aortic segments embedded in paraffin were then used to detect TUNEL-positive apoptotic cells, according to the manufacturer\'s protocol. The nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). The percentage of apoptotic endothelial cells was calculated as the proportion of TUNEL/DAPI/CD31-positive cells out of total DAPI/CD31-positive cells.

### Statistical analysis

Data are expressed as mean ± standard deviation and were analyzed by one-way analysis of variance followed by least significant difference post hoc test (equal variances) or Dunnett\'s T3 post hoc test (unequal variances). All analyses were performed using SPSS software version 19.0 (IBM SPSS, Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### STS reduces the levels of TNF-α, IL-1β and IL-6 in HS

Clear differences were observed in the serum levels of TNF-α ([Fig. 1B](#f1-mmr-16-01-0087){ref-type="fig"}), IL-1β ([Fig. 1C](#f1-mmr-16-01-0087){ref-type="fig"}) and IL-6 ([Fig. 1D](#f1-mmr-16-01-0087){ref-type="fig"}) between the NC, HS and STS-HS groups. The serum levels of TNF-α, IL-1β and IL-6 in all the HS-0, HS-2, HS-6 and HS-12 groups were significantly increased compared with the NC group. The serum levels of TNF-α, IL-1β and IL-6 were greatest in the HS-6 group compared with the other HS groups. Compared to rats that received no STS, treatment with 5--40 mg/kg STS significantly attenuated the increased serum levels of IL-1β, TNF-α and IL-6 after HS following recovery for 6 h (P\<0.05). Furthermore, the serum levels of IL-1β, TNF-α and IL-6 were maintained at an extremely low level in the rats treated with STS at 40 mg/kg compared with the 5--20 mg/kg groups (P\<0.05).

### STS reduces the number of apoptotic aortic endothelial cells in HS

Significant differences were observed in the number of apoptotic aortic endothelial cells between the NC, HS and STS-HS groups. The number of apoptotic cells in the HS-0, HS-2, HS-6 and HS-12 groups were significantly increased compared with the NC group (P\<0.05). Numbers in the HS-6 group were increased compared with the other HS groups. Treatment with 5--40 mg/kg STS significantly attenua ted the increased number of apoptotic aortic endothelial cells following HS after recovery for 6 h (P\<0.05; [Fig. 2A](#f2-mmr-16-01-0087){ref-type="fig"}). Furthermore, the number of apoptotic cells was maintained at an extremely low level in the rats treated with 40 mg/kg STS, which was significantly lower than in the other STS-treated groups (P\<0.05; [Fig. 2B](#f2-mmr-16-01-0087){ref-type="fig"}).

### STS attenuates DIC in HS

Significant differences were observed in the plasma PT ([Fig. 3A](#f3-mmr-16-01-0087){ref-type="fig"}), aPTT ([Fig. 3B](#f3-mmr-16-01-0087){ref-type="fig"}), platelet counts ([Fig. 3C](#f3-mmr-16-01-0087){ref-type="fig"}) and D-dimer levels ([Fig. 3D](#f3-mmr-16-01-0087){ref-type="fig"}) in the NC, HS-6 and STS-6-40 group (40 mg/kg STS-treated heat stroke group with recovery for 6 h). The plasma PT, aPTT, and D-dimer values in the HS-6 group were significantly increased compared with the NC group. By contrast, the platelet count was significantly reduced in the HS-6 group compared with the NC group. In addition, 40 mg/kg STS treatment of the HS-6 group attenuated the HS-induced increased plasma levels of PT, aPTT, and D-dimer and the decreased platelet count (P\<0.01).

The histopathological findings revealed DIC in the vital organs of the HS-6 group. Intravascular thrombus formation was observed in small- and medium-sized blood vessels, and interstitial space hemorrhage was observed in the lungs, kidneys, adrenal glands and livers. However, hemorrhage and thrombosis were significantly alleviated in the STS-6-40 group compared with the HS-6 group ([Fig. 3E](#f3-mmr-16-01-0087){ref-type="fig"}).

### STS attenuates multiple organ damage in HS

Significant differences were observed in serum levels of ALT ([Fig. 4A](#f4-mmr-16-01-0087){ref-type="fig"}), AST ([Fig. 4B](#f4-mmr-16-01-0087){ref-type="fig"}), ALP ([Fig. 4C](#f4-mmr-16-01-0087){ref-type="fig"}), BUN ([Fig. 4D](#f4-mmr-16-01-0087){ref-type="fig"}), Cr ([Fig. 4E](#f4-mmr-16-01-0087){ref-type="fig"}), and LDH ([Fig. 4F](#f4-mmr-16-01-0087){ref-type="fig"}) in the NC, HS-6 and STS-6-40 groups. The serum levels of ALT, AST, ALP, BUN, Cr and LDH in the HS-6 group were significantly increased compared with the NC group. However, 40 mg/kg STS treatment significantly attenuated the HS-induced increased serum levels of these components (P\<0.01).

The histopathological findings revealed unremarkable damage to the liver, spleen, lung, kidney, and small intestines in the NC group. The damage observed in the major organs of the HS-6 group was extensive; however, a marked decrease in this damage was observed in the STS-6-40 group. The injury to the liver was multifocal in the HS-6 group, including hepatocellular architecture disruption, hepatic cell degenerative changes, hepatic sinusoid congestion and/or hemorrhage, thrombi, and increased inflammatory cells. The architecture of spleen tissues had become disordered, and the boundary between the red and white pulp was unclear in the HS-6 group. Furthermore, the cellularities of the periarterial lymphatic sheath and the marginal zone were indistinct, although there was extravagated blood in the marginal zone. The lung tissues in the HS-6 group exhibited substantial morphological alterations, including pulmonary edema, alveolar collapse, inflammatory cell infiltration and extensively thickened pulmonary alveolar septa. Furthermore, vascular congestion, hemorrhage, and thrombosis were observed. The kidney injury manifested as tubular epithelial cell edema, hemorrhage, thrombosis, and inflammatory cell infiltration in the HS-6 group. In the small intestines, the bowel walls were swollen and thickened, and the villous architecture exhibited disorder, degeneration, capillary exposure, congestion, and inflammatory cell infiltration. The pathologic impairments of the liver, spleen, lung, kidney and small intestines were significantly alleviated in the STS-6-40 group ([Fig. 4G](#f4-mmr-16-01-0087){ref-type="fig"}).

Discussion
==========

The present study demonstrated that HS induced increased inflammatory mediators, aortic endothelial cell apoptosis, DIC and multiple organ damage in an experimental rat model. STS treatment following HS reduced inflammation, aortic endothelial cell apoptosis, DIC and multiple organ damage.

Previous studies have demonstrated that endothelial cell injury is one of the most important features in the pathophysiology of HS ([@b1-mmr-16-01-0087],[@b22-mmr-16-01-0087],[@b23-mmr-16-01-0087]). The direct cytotoxic effects of heat and increased inflammatory mediators in HS may induce endothelial cell injury. Activated/injured endothelial cells may result in the release of cytokines, thereby further amplifying the inflammatory response ([@b3-mmr-16-01-0087],[@b6-mmr-16-01-0087],[@b24-mmr-16-01-0087],[@b25-mmr-16-01-0087]). Previous studies demonstrated that the levels of inflammatory factors vary with the recovery time following heat stress. The levels of inflammatory factors are additionally associated with the severity of HS ([@b1-mmr-16-01-0087],[@b26-mmr-16-01-0087],[@b27-mmr-16-01-0087]). In these preliminary results, the levels of TNF-α, IL-1β and IL-6 varied with the recovery time following heat exposure, and were highest in the HS-6 group. Previous studies have suggested that intense heat stress may induce endothelial cell apoptosis, and that endothelial cells exhibit significant apoptosis during the acute-phase response to heat stress ([@b28-mmr-16-01-0087],[@b29-mmr-16-01-0087]). A previous study by Gu *et al* ([@b29-mmr-16-01-0087]) demonstrated that *in vitro*, the rate of apoptosis in human umbilical vein endothelial cells is associated with time after heat treatment, and apoptosis increased most markedly when human umbilical vein endothelial cells were treated at 43°C for 2 h, followed by replacement with fresh media and further incubation for 6 h. In the present study, the numbers of apoptotic aortic endothelial cells were highest in the HS-6 group. These results suggested that this time period is likely to represent an important phase in the pathophysiology of HS in which inflammatory mediators, endothelial cell apoptosis and multiple organ damage reach peak levels. Furthermore, in this study, the highest levels of inflammatory mediators and numbers of apoptotic aortic endothelial cells were present at consistent time points; although this may be a coincidence, it demonstrated that inflammatory responses are associated with endothelial cell injury in the pathophysiology of HS ([@b1-mmr-16-01-0087]). Therefore, the HS-6 group was selected as a heat stroke control compared with STS treatment in this study. STS has been reported to have endothelial cell protective abilities and reduce the release of inflammatory factors ([@b30-mmr-16-01-0087]--[@b32-mmr-16-01-0087]). In the present study, STS treatment was demonstrated to dose-dependently decrease the levels of inflammatory mediators and endothelial cell apoptosis.

There is a close association between coagulant activity and the status of endothelial cells ([@b33-mmr-16-01-0087]). Apoptotic endothelial cells exhibit disordered coagulation because of the loss of anticoagulant membrane components, which subsequently leads to procoagulant activation. In addition, apoptotic endothelial cells exhibit decreased expression of coagulation inhibitors, such as thrombomodulin, heparin sulfates and tissue factor pathway inhibitor ([@b25-mmr-16-01-0087],[@b34-mmr-16-01-0087]). Systemic inflammation may additionally contribute to activation of the coagulation system and inhibition of anticoagulant mechanisms and fibrinolysis ([@b35-mmr-16-01-0087]). Imbalance between the procoagulant and anticoagulant systems causes DIC. Previous studies have demonstrated that DIC during HS primarily manifests as prolongation of aPTT and PT, increased D-dimer levels, low platelet counts, and widespread hemorrhage and thrombosis in histological examinations ([@b22-mmr-16-01-0087],[@b36-mmr-16-01-0087]--[@b38-mmr-16-01-0087]). In the present study, aPTT and PT were prolonged, D-dimer was raised, and platelet counts were decreased in the HS-6 group. In addition, histological examinations revealed intravascular thrombus formation and interstitial space hemorrhage in the vital organs in the HS-6 group. As previously mentioned, STS may reduce the inflammatory response and inhibit endothelial cell apoptosis in HS rats, factors that may lead to DIC. Therefore, STS may attenuate DIC in HS rats. According to these results, STS is considered beneficial in DIC in HS rats.

A complex interplay among the direct cytotoxic effects of heat and the inflammatory and coagulation responses results in multi-organ dysfunction syndrome in HS ([@b1-mmr-16-01-0087],[@b3-mmr-16-01-0087],[@b6-mmr-16-01-0087]). Lin *et al* ([@b39-mmr-16-01-0087]) demonstrated that serum organ injury indicators including Cr, BUN, ALT, AST, ALP and LDH are increased in HS rats. Roberts *et al* ([@b22-mmr-16-01-0087]) demonstrated that pathological damage to tissues led to vascular congestion, hemorrhage, thrombosis, increased inflammatory cells and disruption of architecture in the vital organs. In the present study, the results of organ damage in the HS-6 group were consistent with previous studies. Multiple organ damage was greatly diminished in the STS-6-40 group. To date, STS has been applied to investigate the effects of HS on DIC and multiple organ damage in rats. STS may attenuate multiple organ damage in CHS by reducing the inflammatory response, aortic endothelial cell apoptosis and DIC. However, there are other potential underlying mechanisms of action in STS treatment of multiple organ damage in CHS, and further studies are required.

In conclusion, the present study demonstrated that STS treatment improves the development of inflammatory processes, aortic endothelial cell apoptosis, DIC and multiple organ damage following CHS. These results suggested that STS treatment may be beneficial for patients with HS.

![STS decreases the levels of TNF-α, IL-1β and IL-6 in serum of HS model rats. (A) Molecular structure of sodium tanshinone IIA sulfonate. The serum levels of (B) TNF-α, (C) IL-1β and (D) IL-6 in all groups of rats. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. NC; ^\#^P\<0.05 vs. HSC; ^&^P\<0.05 vs. 5, 10 and 20 mg/kg STS. HSC, heat shock control; HS, heat shock; TNF-α, tumor necrosis factor-α; IL, interleukin; STS, sodium tanshinone IIA sulfonate; NC, normothermic control.](MMR-16-01-0087-g00){#f1-mmr-16-01-0087}

![HS-induced apoptosis of aortic endothelial cells is inhibited by STS. Representative micrographs and quantification of apoptosis of aortic endothelial cells at various (A) recovery times and (B) STS doses, as assessed by combined TUNEL (green)/CD31 (red) immunofluorescence assay and counterstaining with DAPI (blue) for nuclei. Apoptotic endothelial cells exhibit combined green/blue/red staining (yellow arrows). Magnification, ×400. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. NC; ^\#^P\<0.05 vs. HSC; ^&^P\<0.05 vs. 5, 10 and 20 mg/kg STS. HSC, heat shock control; HS, heat shock; STS, sodium tanshinone IIA sulfonate; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; NC, normothermic control.](MMR-16-01-0087-g01){#f2-mmr-16-01-0087}

![STS negatively regulates HS-induced DIC. Rats were exposed to HS with or without 40 mg/kg STS, and recovered for 6 h. (A) Prothrombin time, (B) activated partial thromboplastin time, (C) platelet counts and (C) levels of D-dimer in plasma were determined. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. NC; ^\#^P\<0.05 vs. HSC. (E) Representative micrographs of hematoxylin and eosin staining of the lungs, adrenal glands, kidneys and livers. Interstitial space hemorrhage (yellow arrows) in the adrenal gland, kidney and liver. Intravascular thrombus (black arrows) in the central vein of the liver and pulmonary arteriole. Magnification, ×400. HS, heat shock; STS, sodium tanshinone IIA sulfonate; NC, normothermic control.](MMR-16-01-0087-g02){#f3-mmr-16-01-0087}

![STS prevents heat stroke-induced multiple organ damage. Rats were exposed to HS with or without 40 mg/kg STS, and recovered for 6 h. Serum levels of (A) alanine aminotransferase, (B) aspartate aminotransferase, (C) alkaline phosphatase, (D) blood urea nitrogen, (E) creatine and (F) lactate dehydrogenase were determined. Data are presented as the mean ± standard deviation. \*P\<0.05 vs. NC; ^\#^P\<0.05 vs. HSC. (G) Representative micrographs of hematoxylin and eosin staining of the livers, spleens, lungs, kidneys, and intestines. Magnification, ×200 (liver, spleen, lung, small intestine); magnification, ×400 (kidney). NC, normothermic control; HS, heat shock; STS, sodium tanshinone IIA sulfonate.](MMR-16-01-0087-g03){#f4-mmr-16-01-0087}
